Kinesin-1 Regulates Synaptic Strength by Mediating the Delivery, Removal, and Redistribution of AMPA Receptors  by Hoerndli, Frédéric J. et al.
Neuron
ArticleKinesin-1 Regulates Synaptic Strength
by Mediating the Delivery, Removal,
and Redistribution of AMPA Receptors
Fre´de´ric J. Hoerndli,1,2 Dane A. Maxfield,1,2 Penelope J. Brockie,1 Jerry E. Mellem,1 Erica Jensen,1 Rui Wang,1
David M. Madsen,1 and Andres V. Maricq1,*
1Department of Biology, Center for Cell and Genome Science, University of Utah, Salt Lake City, UT 84112, USA
2These authors contributed equally to this work
*Correspondence: maricq@biology.utah.edu
http://dx.doi.org/10.1016/j.neuron.2013.10.050SUMMARY
A primary determinant of the strength of neuro-
transmission is the number of AMPA-type glutamate
receptors (AMPARs) at synapses. However, we still
lack amechanistic understanding of how the number
of synaptic AMPARs is regulated. Here, we show that
UNC-116, the C. elegans homolog of vertebrate kine-
sin-1 heavy chain (KIF5), modifies synaptic strength
by mediating the rapid delivery, removal, and
redistribution of synaptic AMPARs. Furthermore,
by studying the real-time transport of C. elegans
AMPAR subunits in vivo, we demonstrate that
although homomeric GLR-1 AMPARs can diffuse to
and accumulate at synapses in unc-116 mutants,
glutamate-gated currents are diminished because
heteromeric GLR-1/GLR-2 receptors do not reach
synapses in the absence of UNC-116/KIF5-mediated
transport. Our data support a model in which
ongoing motor-driven delivery and removal of
AMPARs controls not only the number but also the
composition of synaptic AMPARs, and thus the
strength of synaptic transmission.
INTRODUCTION
The number of functional postsynaptic glutamate receptors is a
major determinant of the strength of synaptic signaling. Thus,
experience-dependent changes in the number of receptors
contribute to fundamental network properties such as learning
and memory (Jackson and Nicoll, 2011; Kerchner and Nicoll,
2008; Malinow and Malenka, 2002). Because most neurons
have long processes, synapses are often far removed from the
cell body, imparting a major challenge for the modulation and
maintenance of synapticmachinery. Althoughwe have consider-
able insight into the local mechanisms that contribute to synaptic
strength by regulating the recycling of a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid-type glutamate receptors
(AMPARs) between the postsynaptic membrane and endosomal
compartments (Henley et al., 2011; Kennedy and Ehlers, 2011;NeKessels and Malinow, 2009; Petrini et al., 2009; Rusakov et al.,
2011; Shepherd and Huganir, 2007; Yudowski et al., 2006), we
have far fewer mechanistic insights into the long-range transport
of AMPARs and how transport impacts synaptic strength and
plasticity. These questions are particularly timely, considering
the strong association of transport defects with synaptopathies
and neurodegenerative disorders such as Alzheimer’s disease
(Stokin and Goldstein, 2006).
At least three different mechanisms have been proposed for
the long-range delivery of AMPARs to synapses, including local
synthesis (Ho et al., 2011; Ju et al., 2004), lateral diffusion (Ades-
nik et al., 2005), and motor-dependent transport (Greger and
Esteban, 2007; Kim and Lisman, 2001; Setou et al., 2002). How-
ever, it has been difficult to establish the relative contributions of
these various processes to synaptic function. These competing
models derive almost exclusively from in vitro studies in cultured
neuronal preparations, and thus might not accurately reflect the
effects of the local cellular environment, signaling molecules,
and the extracellular matrix, all of which can influence neuronal
development and synaptic function. Therefore, we developed
techniques that allowed us to directly observe the in vivo delivery
of AMPARs to synapses in a specific neuron in C. elegans.
Studying AMPAR delivery in C. elegans allows us to integrate
in vivo cell biological and electrophysiological studies of synaptic
function. C. elegans are transparent and have only 302 neurons,
a subset of which communicate by the synaptic release of gluta-
mate to mediate specific behaviors (de Bono and Maricq, 2005).
Glutamate gates a variety of receptors, including the GLR-1
AMPAR signaling complex, which is expressed in interneurons
that contribute to worm locomotion (de Bono and Maricq,
2005). Previous studies have identified the molecular compo-
nents of the GLR-1 signaling complex (Brockie et al., 2001; Mel-
lem et al., 2002; Walker et al., 2006; Wang et al., 2008, 2012;
Zheng et al., 2004, 2006) and the mechanisms that regulate
the localization and stability of synaptic GLR-1 (Burbea et al.,
2002; Glodowski et al., 2007; Juo et al., 2007; Rongo andKaplan,
1999; Rongo et al., 1998; Zhang et al., 2012).
We now demonstrate that the microtubule-dependent motor,
UNC-116/KIF5, and the associated kinesin light chain, KLC-2,
mediate the transport of GLR-1 to synapses. In a series of in vivo
studies, we evaluated the relative contributions of motor trans-
port, receptor diffusion, and local synthesis to the delivery of
GLR-1 to synapses. We found that motor-mediated transporturon 80, 1421–1437, December 18, 2013 ª2013 Elsevier Inc. 1421
Figure 1. GLR-1::GFP Is Transported in Both an Anterograde and a Retrograde Direction along the AVA Processes
(A) Confocal images of GLR-1::GFP puncta in the proximal AVA processes before (top) and after (bottom) photobleaching. Scale bar represents 2.5 mm.
(B) Higher gain images of the region shown in (A) at various time points after photobleaching. The arrowheads indicate anterograde (blue) and retrograde (red)
movement.
(C) Kymograph showing mobile and immobile GLR-1::GFP vesicles in the photobleached region shown in (A).
(D) Measurement of the area (left) and average total fluorescence (right) of immobile and mobile GLR-1::GFP. n > 100 immobile; n > 450 mobile; ***p < 0.001.
(E) Quantification of the velocity (left) and run length (right) of mobile GLR-1::GFP vesicles. n > 450 vesicles.
Error bars indicate SEM. See also Figure S1.
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UNC-116/KIF5 Mediates Transport of Synaptic AMPARsis the predominant mechanism for delivery, removal, and redis-
tribution of GLR-1. In unc-116 mutants, GLR-1 diffused out of
the cell body to proximal synapses, where it reached higher
than normal levels secondary to the loss of motor-driven removal
of synaptic receptors. Despite the synaptic accumulation of
GLR-1 in unc-116 mutants, glutamate-gated currents were
severely diminished because the AMPAR signaling complex
lacked GLR-1/GLR-2 heteromeric receptors. Defective AMPAR
signaling in unc-116 mutants was rescued by transient expres-
sion of UNC-116 in the adult nervous system, demonstrating
that ongoing motor-dependent transport is required for the
regulation of synaptic strength.
RESULTS
In Vivo Measurement of GLR-1 Transport
InC. elegans, the two AVA interneurons are part of a well-defined
circuit that regulates worm reversal behavior (Brockie et al.,
2001). These neurons express the GLR-1 AMPAR subunit and
each neuron extends a single process into the ventral cord that
runs the length of theworm.Wewere able to specifically visualize
these processes by using promoter sequences (Prig-3 and Pflp-
18) that limited transgene expression in the ventral cord to AVA
(Figure S1A available online) (Feinberg et al., 2008; Wang et al.,1422 Neuron 80, 1421–1437, December 18, 2013 ª2013 Elsevier Inc2012). In transgenic worms that expressed a functional GFP-
tagged variant of GLR-1 (GLR-1::GFP) in AVA, we observed
discrete GFP puncta, which mark postsynaptic sites along the
processes (Figure S1B) (Rongo et al., 1998). To address how
GLR-1 receptors are delivered to these synapses, we used
real-time streaming confocal microscopy to image receptor
movement. Unless otherwise indicated, we imaged a region of
the proximal AVA process of young adult worms (Figure S1A,
boxed region). To better image receptor transport, we first
reduced background fluorescence by photobleaching a region
of interest that was approximately 45 mm in length (Figure 1A).
Transport events were more apparent after photobleaching,
and we noted no adverse effects of photobleaching on transport
(Figures S1C and S1D). We then captured a series of confocal
images that revealed numerous small, fluorescent GLR-1::GFP
puncta that moved either anterogradely or retrogradely along
the AVA processes. We refer to these as vesicles, given that their
movement was consistent with known vesicular transport of
transmembrane proteins (Figure 1B). The bidirectional vesicle
transport, interrupted by occasional pauses or stops, is most
apparent in kymographs generated from the full series of images
(Figure 1C). The mobile vesicles were considerably smaller and
dimmer than the large, immobile puncta (Figure 1D), which we
refer to as synaptic puncta. Vesicles moved at approximately.
Neuron
UNC-116/KIF5 Mediates Transport of Synaptic AMPARs1.6 mm/s in both anterograde and retrograde directions, with an
average run length of approximately 6 mm (Figure 1E).
Transport Vesicles Are Directed to Synapses
Most of the transport vesicles had brief pauses in their move-
ment that were of variable duration (Figure 2A). A more detailed
analysis of the kymographs revealed that stop events (defined
as pauses in movement lasting at least 1.2 s) were clustered
near existing GLR-1 synaptic puncta (Figures 2B and 2C). We
also observed vesicles that stopped moving for extended
periods, at times lasting many minutes. In one kymograph, we
observed a vesicle moving anterogradely (Figure 2A, blue arrow)
and another vesicle moving retrogradely (Figure 2A, red arrow)
and observed both vesicles stop at the same synapse (Figure 2A,
green box). Twenty minutes later, a kymograph of the same re-
gion revealed sustained recovery of GLR-1::GFP fluorescence
at the synapse where the two vesicles stopped (Figure 2A, lower
panel, filled arrowhead), suggesting that these stops might have
been permanent delivery events. We also detected long-lived
increases in fluorescence at additional synapses (Figure 2A,
lower panel, open arrowheads), which we assume reflect stop-
page events that occurred in the 20 min interval between
kymographs.
We next asked whether vesicles were delivered directly to
the surface membrane or first to a subsynaptic compartment.
To simultaneously measure GLR-1 transport and surface deliv-
ery, we generated a transgenic strain that expressed a func-
tional GLR-1 protein fused to both superecliptic pHluorin (SEP)
and mCherry at the extracellular N-terminal domain (SEP::
mCherry::GLR-1) (Kennedy and Ehlers, 2011) (Figure 2D). The
SEP variant of GFP is pH sensitive and not appreciably fluores-
cent when localized to the relatively acidic environment of sub-
cellular organelles in C. elegans (Dittman and Kaplan, 2006;
Miesenbo¨cket al., 1998;Wanget al., 2012). Thus,we rarelydetect
intracellular transport in the green channel (Figure 2E). Further-
more, photobleaching eliminates SEP fluorescence of surface
GLR-1, but does not affect the SEP fluorophore on internalized
receptors. Following photobleaching of both fluorophores, we
acquired two-color streaming confocal movies to simultaneously
monitor vesiclemovement in the red channel and surface delivery
of receptors that we detected by the appearance of a fluorescent
signal in the green channel. Although we observed long-lived
stops in vesicle movement, these were not immediately associ-
atedwithGLR-1 surface delivery. However,wedid observe inser-
tion events occurring at variable intervals following vesicle stops
(Figure 2E). This suggests that receptors were first delivered to
a subsynaptic compartment rather than directly to the surface
of the synapse and that stoppage and insertion are separable
processes. Insertion events were observed most frequently at
the same location as the synaptic puncta (Figures 2F and S2A).
These data indicate that delivery of GLR-1 to synapses occurs
in at least two steps. First, transport vesicles stop and deliver
GLR-1 to a subsynaptic compartment in the region of a synapse.
Second, after some delay, receptors are inserted into the synap-
tic membrane. Interestingly, the insertion rate (Figure 2E) is a
fraction of the stoppage rate (Figure 2C), even though the synap-
tic delivery (Figure S2B) and transport parameters (data not
shown) were unaltered by the location of the fluorophore tag.NeThis result suggests that not all longer-duration stops (>1.2 s)
are destined for eventual insertion at a particular synapse.
GLR-1 Receptors Are Redistributed between Synapses
To determine the fate of GLR-1 receptors at synapses, we fused
a photoactivatable florophore (PAGFP) to GLR-1 and expressed
the functional protein in the AVA neurons. Following photoac-
tivation of GLR-1::PAGFP puncta, we occasionally observed
vesicles leaving synaptic puncta and traveling in either an anter-
ograde (Figure 3A) or a retrograde (Figure 3A, insert) direction.
These observations raised the question of whether GLR-1 recep-
tors could be utilized at multiple synapses. We therefore evalu-
ated the source of synaptic receptors using a photoconversion
strategy to follow the fate of receptors from the cell body, and
from proximal and distal synapses. We tagged GLR-1 with Den-
dra2, a photoconvertible fluorophore that can be switched from
green to red fluorescence using UV illumination (Gurskaya et al.,
2006) and expressed the functional fusion protein in the AVA
neurons. Four hours after photoconversion of GLR-1::Dendra2
in the AVA cell bodies, we found that approximately 25% of
the fluorescent signal at distal synapses was red (Figure 3B). In
contrast, we did not observe an appreciable red signal in the
distal processes of sham-converted worms (Figure S3A).
Next, we photoconverted both synaptic puncta and interpunc-
tal GLR-1::Dendra2 fluorescence in the proximal region of the
AVA processes. Fours hours after photoconversion, we moni-
tored the appearance of red fluorescence at distal synapses
and found that red signal originating in the proximal processes
had been redistributed to distal puncta (Figure 3C). In separate
experiments, we photoconverted only the synaptic puncta in
the proximal processes, leaving the interpuncta regions uncon-
verted, and again observed red signal at distal synapses 4 hr
after photoconversion (Figure 3D), but no red signal in sham-
converted worms (Figure S3B). These data indicate that
the red fluorescence, which appeared at distal synapses, was
derived from receptors at proximal synapses rather than recep-
tors that were photoconverted while in transit.
To further evaluate the redistribution of receptors, we photo-
activated GLR-1::PAGFP in the distal half of the AVA processes.
Fours hours after photoactivation, we observed GLR-1::PAGFP
fluorescence at puncta in the proximal process (Figure 3E),
but no signal in sham photoactivated controls (Figure S3C).
Together, these data indicate that most synaptic GLR-1 recep-
tors are delivered from the cell body to synapses, but receptors
at a given synapse can be redistributed to other synapses.
UNC-116/KIF5 Mediates GLR-1 Transport
The speed and processivity of vesicle transport strongly sug-
gested an energy-dependent, motor-driven process. In support
of this hypothesis, we did not observe vesicle movement
following treatment with Na-azide, a potent inhibitor of mito-
chondrial respiration and ATP production (Bowler et al., 2006),
or nocodazole, an inhibitor of microtubule polymerization (Fig-
ure S3D), suggesting that microtubule-dependent motors drive
the movement of GLR-1 vesicles. There are 21 known kinesin-
like motors encoded by the C. elegans genome (Siddiqui,
2002), but only a few have been studied in detail, including
OSM-3, UNC-104/KIF1, KLP-4, and UNC-116/KIF5. Of these,uron 80, 1421–1437, December 18, 2013 ª2013 Elsevier Inc. 1423
Figure 2. GLR-1 Is Preferentially Delivered to Synaptic Puncta in the AVA Processes
(A) Single-plane confocal images before and after photobleaching GLR-1::GFP in the AVA processes with the corresponding kymograph showing anterograde
(blue arrow) and retrograde (red arrow) delivery events to a synaptic puncta (green box). A second kymograph (bottom), taken 20 min after the first, shows the
stable delivery event from the first kymograph (filled arrowhead), as well as additional delivery events during the interval between the two kymographs (open
arrowheads).
(B) Confocal image of synaptic GLR-1::GFP puncta in AVA (top) and the corresponding linescan of fluorescence intensity (bottom). Green diamonds mark the
peak fluorescence of synaptic puncta and red dots mark the relative positions of GLR-1::GFP vesicle stops from a 5 min movie.
(C) Quantification of GLR-1::GFP vesicle stops in synaptic and extrasynaptic regions. n = 7.
(legend continued on next page)
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Figure 3. GLR-1 Is Redistributed between Synapses
(A) Photoactivation of GLR-1::PAGFP expressed in AVA before and after UV photoactivation (blue, dashed box) with the corresponding kymograph. Arrowheads
show anterograde (blue arrowheads) and retrograde (inset, red arrowheads) departure of a GLR-1 vesicle from converted synaptic puncta.
(B–E) All confocal images were taken before, immediately after, or 4 hr after photoconversion or photoactivation. (B) Schematic of GLR-1::Dendra2 photo-
conversion in the cell body (top). Images of GLR-1::Dendra2 in the cell body and in the distal processes (tail). Red arrowheads highlight synapses that received
photoconverted GLR-1::Dendra2 from the cell body. (C and D) Images of GLR-1::Dendra2 after photoconversion of total fluorescence (C) or puncta fluorescence
only (D) in the proximal processes (only the red signal is shown). Red arrows indicate the appearance of photoconverted GLR-1::Dendra2 at distal synapses (red
and green signal shown). (E) Images of GLR-1::PAGFP before and after photoactivation. Red arrows indicate the appearance of photoactivatedGLR-1::PAGFP at
proximal synapses.
Scale bars represent 5 mm. See also Figure S3.
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UNC-116/KIF5 Mediates Transport of Synaptic AMPARsonly UNC-104/KIF1 (kinesin-3), KLP-4 (a protein related to UNC-
104), and UNC-116/KIF5 are known to be expressed in the AVA
interneurons (http://www.wormbase.org) (Siddiqui, 2002).(D) Cartoon schematic of the double-tagged SEP::mCherry::GLR-1 in transport v
(E) Simultaneous two-color confocal imaging of SEP::mCherry::GLR-1. Single-
corresponding kymograph (bottom) showing GLR-1 transport (mCherry signal) a
(F) Quantification of GLR-1 insertion events in synaptic and extrasynaptic region
*p < 0.05, ***p < 0.001. Scale bars represent 5 mm. Error bars indicate SEM. See
NeTo determine the identity of the molecular motor(s) that trans-
port GLR-1 receptors, wemeasured the in vivo transport of GLR-
1::GFP vesicles in candidate motor protein mutants and foundesicles and on the cell surface.
plane confocal images taken before and after photobleaching (top) and the
nd GLR-1 insertion into the membrane (SEP signal).
s. n = 10.
also Figure S2.
uron 80, 1421–1437, December 18, 2013 ª2013 Elsevier Inc. 1425
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UNC-116/KIF5 Mediates Transport of Synaptic AMPARsthat both anterograde and retrograde GLR-1 transport were
dramatically disrupted in unc-116 loss-of-function mutants (Fig-
ures 4A–4D). In contrast, we observed normal velocity and run
length in klp-4(ok3537) null mutants and only mild disruption of
transport in unc-104(e1265) null mutants (Figures S4A and S4B).
Interestingly, we observed an unc-116 allelic series with
respect to GLR-1::GFP transport. Thus, the severity of the de-
fects in GLR-1 transport speed, run length, and the number of
transport events progressively increased from unc-116(e2310)
to unc-116(rh24) (Figures 4A–4D; Table S1). The defective GLR-
1 transport observed in these unc-116 partial loss-of-function
mutants suggested that transport might be eliminated by a com-
plete loss of UNC-116/KIF5 function. Unfortunately, we were un-
able to measure GLR-1 transport in null mutants because the
unc-116 null allele is lethal (Byrd et al., 2001).We therefore gener-
ated transgenic worms that expressed a dominant-negative (DN)
variant of UNC-116 (E160A) that is predicted to trap the protein in
a rigor state (Klumpp et al., 2003). The rapid movement of GLR-
1::GFP vesicles was eliminated in worms that expressed UNC-
116(E160A) solely in AVA (Figures 4A–4D). We also failed to
observe vesicle movement in transgenic worms where UNC-
116 was knocked down specifically in AVA using double-
strandedRNAi (unc-116(RNAi); Figures 4A–4D).We could rescue
the defective transport of GLR-1::GFP in unc-116(wy270)
mutants by specifically expressing a wild-type unc-116 trans-
gene in AVA (Figures 4A–4D), indicating a cell-autonomous role
for UNC-116-mediated transport of GLR-1.
Kinesin-1 motors are tetrameric proteins composed of two
heavy chains (UNC-116) and two light chains. In C. elegans,
the genes encoding the kinesin light chains (klc-1 and klc-2)
are broadly expressed (Sakamoto et al., 2005) (http://www.
wormbase.org). Light chains regulate the binding of cargo to
the motor and are involved in the recruitment of the motor to
microtubule tracks (Hirokawa et al., 2010). To determine whether
KLC-1 or KLC-2 light chains regulate GLR-1 transport, we exam-
ined GLR-1::GFP movement in light chain mutants. Transport
was severely disrupted in klc-2, but not klc-1 mutants (Figures
4E and 4F), indicating that GLR-1 transport is dependent on a
specific isoform of kinesin-1.
To determine the subcellular distribution of UNC-116,
we coexpressed fluorescently labeled UNC-116::mCherry
with GLR-1::GFP in the AVA neurons. Although UNC-116 was
detected throughout the processes, we noted that it appeared
to accumulate at synapses (Figure 4G). We also simultaneously
measured the movement of GLR-1::mCherry and UNC-
116::GFP using two-color streaming confocal movies. As pre-
dicted for kinesin-driven transport of GLR-1, we found that the
two signals colocalized in a subset of transport events, including
retrograde movement toward the cell body (Figure 4H).
Kinesin-1 motors direct movement toward the plus-end of mi-
crotubules, which are typically oriented plus-end out, i.e., toward
the distal ends of axonal processes (Stepanova et al., 2003).
Because we observed bidirectional movement of GLR-1::GFP,
we asked whether microtubules in AVA were of mixed polarity,
similar to what has been observed inDrosophila dendrites (Stone
et al., 2008; Zheng et al., 2008). Examination of microtubule
growth dynamics in transgenic worms that expressed the micro-
tubule end-binding protein EBP-2 (Stepanova et al., 2003; Zheng1426 Neuron 80, 1421–1437, December 18, 2013 ª2013 Elsevier Incet al., 2008) fused toGFP revealed both plus-end-out andminus-
end-out microtubules, consistent with bidirectional transport by
UNC-116/KIF5 (Figures S4C and S4D). Additionally, we did not
find that microtubule orientation or dynamics were disrupted in
unc-116mutants (Figures S4C and S4D), indicating that the dis-
rupted transport of GLR-1 in unc-116 mutants was not an indi-
rect effect of altered microtubules.
GLR-1 Removal from Synapses Is Reduced in unc-116
Mutants
Although GLR-1 transport was severely disrupted in unc-116
mutants, we still observed accumulations of GLR-1::GFP in the
proximal AVA processes (Figure 5A). Surprisingly, the average
fluorescence intensity of synaptic puncta was considerably
increased in unc-116 mutants compared to wild-type (Figures
5A and 5B) and with the same allelic dependence we observed
for GLR-1 transport (Figure 4). The increased fluorescence in
unc-116mutants was not secondary to possible presynaptic de-
fects, as we found that the intensity of synaptic GLR-1::GFP
puncta was rescued by the selective expression of UNC-116 in
AVA (Figures 5A and 5B).
To determine whetherC. elegans kinesin-1 could also mediate
the transport of vertebrate AMPARs, we expressed the verte-
brate AMPAR subunit GluA1 fused to GFP in the AVA neurons.
GluA1::GFP is functional and localized to puncta in the neural
processes (Figure S5) (Brockie et al., 2013). Similar to what we
observed for GLR-1, transport of GluA1::GFP was significantly
impaired and the receptor accumulated at synaptic puncta in
unc-116 mutants compared to wild-type worms (Figure S5).
We reasoned that the accumulations of GLR-1 in unc-116
mutants might be secondary to defective removal of synaptic
receptors. To test this hypothesis, we photoconverted GLR-
1::Dendra 2 at single synapses (Figure 5C). Following photocon-
version, the red fluorescence decreased in wild-type worms with
approximately 25% remaining 4 hr after conversion (Figure 5D).
In contrast, decay was significantly reduced in unc-116mutants,
with the slowest decay observed in unc-116(RNAi). These results
indicate that the removal of synaptic receptors is dependent on
UNC-116/KIF5, consistent with the observed increase in synap-
tic GLR-1::GFP in unc-116 mutants.
UNC-116/KIF5 Is Required for the Delivery of Synaptic
GLR-1
In contrast to the increased GLR-1::GFP fluorescence in the
proximal processes of unc-116 mutants, fluorescence intensity
in distal regions of the AVA processes was decreased compared
to that in wild-type worms (Figures 5E, 5F, and S6A). This finding,
along with our analysis of vesicle stoppage and insertion
(Figure 2), suggests that UNC-116/KIF5 is also required for
the normal delivery of GLR-1 to synapses. Because diffusion
depends on the square root of time, it is inefficient over long dis-
tances. Although the young adult worms we study are approxi-
mately 96 hr old, the number of synaptic GLR-1 receptors at
more distal synapses was reduced in the absence of UNC-
116/KIF5-mediated transport (Figure 5E). Assuming that the
diffusion constant for receptors in the cell membrane is approx-
imately 0.1 mm2/s (Earnshaw and Bressloff, 2008), we estimate
that 96 hr is sufficient time for GLR-1 receptors to diffuse to.
Figure 4. Bidirectional Transport of GLR-1 Is Dependent on UNC-116/KIF5
(A) Schematic of UNC-116/KIF5 (top). Arrows and black bar indicate the location of themutation for each allele (Table S1). Red and yellow boxes represent themotor
domainandcoiledcoil domains, respectively.Confocal images (middle) and kymographs (bottom)ofGLR-1::GFP in theAVAprocesses.Scale bar represents2.5mm.
(B–D) Quantification of anterograde (blue) and retrograde (red) vesicle velocity (B), run length (C), and the frequency of transport events (D). n = 10 worms; ‘‘0’’
indicates no measurable mobile vesicles.
(E)Confocal images (top) andkymographs (bottom)ofGLR-1::GFP in theAVAprocesses inwild-type (WT), klc-2(km11), and klc-1(ok2809). Scale bar represents5mm.
(F) Quantification of the frequency of transport events. Empty triangle in klc-2 represents anterograde = 0.22 events/min and retrograde = 0.17 events/min. n = 5.
(G) Images of GLR-1::GFP and UNC-116::mCherry in the AVA processes of a transgenic worm. Scale bar represents 2 mm.
(H) Kymograph showing retrograde comovement of GLR-1::mCherry and UNC-116::GFP in AVA. The breaks in fluorescence are secondary to limited streaming
capacity. Scale bar represents 2.5 mm.
*p < 0.05, **p < 0.01, ***p < 0.001. Error bars indicate SEM. See also Figures S3–S5.
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Figure 5. Delivery and Removal of Synaptic GLR-1 Is Mediated by UNC-116/KIF5
(A) Confocal images of GLR-1::GFP puncta in the proximal region of the AVA processes in various transgenic worms.
(B) Quantification of GLR-1::GFP synaptic puncta fluorescence normalized to WT. For all genotypes, nR 10 worms.
(C) Confocal images of GLR-1::Dendra2 synaptic puncta (red signal only) before and after photoconversion. Scale bar represents 1 mm.
(D) Quantification of the red signal remaining 4 hr after photoconversion. n = 15 puncta per genotype.
(E andF) Images (E) andquantification (F) of synapticGLR-1::GFPpuncta in AVAnormalized to theproximal region ofWT. n=10worms. Scale bar represents 5mm.
(G) Cartoon schematic of the distal photobleach experiment.
(H) GLR-1::GFP images before, immediately after, and 4 hr after photobleaching in the regions indicated in (G). Scale bar represents 5 mm.
(I) Linescans of GLR-1::GFP fluorescence intensity in the distal half of AVA before and after photobleaching.
*p < 0.05, **p < 0.01, ***p < 0.001. Error bars indicate SEM. See also Figures S4–S8.
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UNC-116/KIF5 Mediates Transport of Synaptic AMPARsproximal synapses, but not long enough to reach distal synap-
ses. In support of this, line scans of GLR-1::GFP fluorescence
in unc-116(RNAi) and unc-116(rh24) mutants revealed dramati-
cally reduced fluorescence in the distal processes when
compared to fluorescence in more proximal regions, a pattern
consistent with a diffusion-driven process (Figure S6A). We
considered whether other motors might contribute to GLR-1
transport earlier in development, thereby confounding the inter-
pretation of our line-scan analysis. However, in larval L2 stage
unc-116 mutants (Figures S6B and S6C), we found defects in
GLR-1 puncta and transport similar to those of adult unc-116
mutants (Figures 4 and 5).
To directly test the contribution of motor-mediated delivery of
GLR-1 to synapses, we photobleached the entire distal half of
the AVA processes and monitored the return of GFP fluores-
cence in three regionswithin the photobleached area (Figure 5G).
Four hours after photobleaching, we observed significant
fluorescence recovery in all distal regions in wild-type worms
(67.5% ± 8.2%, n = 4; Figures 5H and 5I). In contrast, essentially
no recovery was observed in unc-116(RNAi) mutants (3.5% ±
1.4%, n = 4, p < 0.01). Thus, in unc-116 mutants, receptors
diffused out of the cell body to proximal synapses where they
accumulated secondary to defective removal.
Blocking Protein Synthesis Does Not Appreciably Alter
Delivery of GLR-1 to Synapses
While our data indicate that UNC-116/KIF5 has a critical role in
receptor removal and delivery, other mechanisms, such as local
synthesis of GLR-1, might also contribute to the number of syn-
aptic receptors. For example, UNC-116/KIF5 might transport
mRNA encoding GLR-1 to distal synapses, thus complicating
the interpretation of our photobleaching studies. To evaluate
the role of local GLR-1 synthesis, we blocked protein synthesis
by acutely treating worms with the drug cycloheximide (CHX)
for 6 hr (Jensen et al., 2012; Kourtis and Tavernarakis, 2009).
We reasoned that if local synthesis of GLR-1 contributed to
new synaptic receptors, treatment with CHX should significantly
slow fluorescence recovery following photobleaching of GLR-
1::GFP. Although CHX blocked new protein synthesis (Fig-
ure S7A), it did not disrupt existing GLR-1::GFP puncta or
motor-mediated transport of GLR-1 (Figures S7B and S7C).
Importantly, we did not observe an appreciable difference in
the recovery of CHX-treated and untreated wild-type worms
(Figure S7C). These data indicate that the repopulation of synap-
tic GLR-1 during the 4 hr following photobleaching is primarily
dependent on motor-driven transport.
The Intensity of GLR-1::GFP Puncta Is Decreased in
klp-4 Mutants
Although we did not observe any transport in unc-116(RNAi)
worms, it is possible that additional kinesin motors might
contribute to GLR-1 transport. In contrast to the accumulation
of receptors in unc-116 mutants, we observed a decrease in
synaptic GLR-1::GFP fluorescence in mutants that lacked the
Kinesin-3 motor KLP-4 (Figures S8A and S8B), which is consis-
tent with an earlier report on klp-4 mutants (Monteiro et al.,
2012). Further analysis revealed that GLR-1::GFP puncta inten-
sities were similarly diminished in klp-4 mutants and unc-116;Neklp-4 double mutants, indicating that klp-4 is epistatic to unc-
116 and suggesting that KLP-4 functions upstream of UNC-
116/KIF5-mediated transport of GLR-1. Although GLR-1::GFP
synaptic puncta were smaller in klp-4 mutants, analysis of the
kymographs revealed apparently normal transport of vesicles
in the AVA processes compared to the severely disrupted trans-
port in unc-116 mutants and unc-116; klp-4 double mutants
(Figures S8C and S8D). Additionally, we did not detect any
apparent difference in the intensity of GLR-1::GFP transport
vesicles in klp-4 mutants (data not shown). Our data suggest
that KLP-4 motors likely act in the cell body to regulate the num-
ber of exported GLR-1, but they apparently do not have a direct
role in the long-range transport of GLR-1 vesicles in neuronal
processes.
GLR-1 Surface Expression Is Increased in unc-116
Mutants
In unc-116 mutants, the intensity of synaptic GLR-1::GFP fluo-
rescence in the proximal processes was increased compared
to wild-type. However, two populations of GLR-1 contribute
to this fluorescent signal, i.e., receptors at the surface and
receptors localized to subcellular compartments. To determine
whether the number of surface receptors was modified by motor
transport, we examined the relative levels of GLR-1 tagged with
SEP (SEP::GLR-1) in wild-type and unc-116 mutants. Interest-
ingly, we found that surface SEP::GLR-1 fluorescence was
considerably increased following RNAi knockdown of UNC-
116 in AVA compared to that observed in wild-type (Figures 6A
and 6B).
Since both the total pool of GLR-1 (GLR-1::GFP) and surface-
expressed GLR-1 (SEP::GLR-1) were increased in unc-116
mutants, we next asked whether the ratio of surface to total
receptors was modified. We examined SEP::mCherry::GLR-1
at synapses and found that the ratio of surface to total receptors
was considerably increased in unc-116 mutants compared to
wild-type (Figures 6C and 6D). This increase was similar to that
in transgenic worms that expressed SEP::mCherry::GLR-
1(4KR)—an ubiquitination-defective variant of GLR-1 that is pre-
dicted to increase the number of cell-surface synaptic receptors
(Burbea et al., 2002; Grunwald et al., 2004).
Together, our data suggest a model in which GLR-1 receptors
in unc-116 mutants diffuse within the membrane to synaptic
sites, where they preferentially remain at the surface. The
altered ratio of surface to internal receptors might reflect a
decreased rate of local receptor endocytosis, or an increased
rate of receptor recycling to the cell surface. To distinguish
between these possibilities, we photobleached SEP::mCherry::
GLR-1 in either transgenic wild-type worms or unc-116mutants
and quantified the rate of GLR-1 surface insertion by the
appearance of SEP fluorescence. In transgenic wild-type
worms that expressed either SEP::mCherry::GLR-1 or SEP::
mCherry::GLR-1(4KR), we were able to detect insertion events,
with GLR-1(4KR) having a higher rate of insertion (Figures 6E
and 6F). In contrast, we did not observe any insertion events
in unc-116 mutants (Figures 6E and 6F). The observed defects
in receptor removal and recycling in unc-116 mutants suggest
that UNC-116/KIF5 might also be required for the delivery of
endosomal machinery.uron 80, 1421–1437, December 18, 2013 ª2013 Elsevier Inc. 1429
Figure 6. Surface Expression of GLR-1 Is Increased in unc-116 Mutants
(A and B) Images of SEP::GLR-1 fluorescence (A) and quantification (B) of total fluorescence intensity normalized to WT. n = 10 worms.
(C) Confocal images of SEP::mCherry::GLR-1 and SEP::mCherry::GLR-1(4KR).
(D) Ratio quantification of total synaptic SEP and mCherry signals from SEP::mCherry::GLR-1 in WT and unc-116mutants, and SEP::mCherry::GLR-1(4KR). For
all genotypes, n > 15 worms.
(E) Kymographs from simultaneous two-color streaming confocal movies of SEP::mCherry::GLR-1 in WT and unc-116(rh24), and SEP::mCherry::GLR-1(4KR).
(F) Quantification of the overall insertion events. ‘‘0’’ indicates no measurable insertion events. For all genotypes, n > 15 worms.
Scale bars represent 5 mm. *p < 0.05, **p < 0.01, ***p < 0.001. Error bars indicate SEM.
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Figure 7. Glutamate-Gated Currents Are Reduced in unc-116 Mutants
(A) Representative traces of glutamate-gated currents in AVA of transgenic worms that expressed GLR-1::GFP or GLR-1(4KR)::GFP.
(B) Quantification of glutamate-gated currents. For all genotypes, nR 6 worms.
(C) Response to nose touch stimulation. n = 10 worms.
(D) Glutamate-gated currents in AVA of transgenic worms that overexpressed GLR-1::GFP either with or without overexpression of the GLR-1 signaling complex
(complex = SOL-1 + SOL-2 + STG-2 + GLR-2).
(E) Quantification of glutamate-gated currents. For all genotypes, nR 5 worms.
*p < 0.05; **p < 0.01; ***p < 0.001. For all recordings, cells were held at 60 mV. Bars indicate 3 mM glutamate application. Error bars indicate SEM. See also
Figure S9.
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Mutants
Based on our finding that loss of UNC-116/KIF5 function is asso-
ciated with an increase in GLR-1::GFP surface expression, we
predicted that voltage-clamp recordings from the proximal pro-
cesses of AVA in these transgenic unc-116mutant worms would
reveal an increase in glutamate-gated currents. Instead, we
found that glutamate-gated currents in AVA were significantly
decreased. This defect was cell autonomous as we could rescue
the current by specifically expressing UNC-116 in the AVA
neurons (Figures 7A and 7B). This decrease in current was inde-
pendent of the GLR-1::GFP transgene as we found similar
decreases in current when recording from unc-116(RNAi) or
unc-116(wy270)mutants that did not express the transgene (Fig-
ure S9). In contrast, the increased surface expression of GLR-
1(4KR) resulted in larger glutamate-gated currents comparedNeto wild-type GLR-1 (Figures 7A and 7B). However, current ampli-
tudes in transgenic unc-116(RNAi)mutants that expressed either
GLR-1::GFP or GLR-1(4KR)::GFP were both indistinguishable
and dramatically reduced compared to wild-type transgenic
worms (Figures 7A and 7B). Thus, although surface GLR-1 was
increased in unc-116 mutants, glutamate-gated currents were
paradoxically decreased.
Because of the diminished GLR-1-mediated currents in
unc-116 mutants, we asked whether a known GLR-1-mediated
behavior was also disrupted. Similar to glr-1 mutants (Hart
et al., 1995; Maricq et al., 1995), we found that unc-116(e2310)
mutants were defective in their avoidance response to tactile
stimulation of the nose (Figure 7C). We could partially rescue
this response in transgenic unc-116 mutants that expressed a
wild-type unc-116 transgene under control of the glr-1 promoter
(Pglr-1::unc-116).uron 80, 1421–1437, December 18, 2013 ª2013 Elsevier Inc. 1431
Figure 8. GLR-2 Is Decreased in unc-116 Mutants
(A) Confocal images of STG-2::TagRFP-T, YFP::SOL-1, SOL-2::GFP, and GFP::GLR-2 in the AVA processes in transgenic WT and unc-116(rh24) mutants.
(B) Quantification of synaptic puncta fluorescence normalized to WT, n > 15 worms.
(C and D) Confocal images of GFP::GLR-2 in the AVA cell bodies (C) and corresponding quantification (D) in WT, unc-116(rh24), and unc-116(rh24); vps-4(DN)
double mutants. For all genotypes, nR 8 worms.
*p < 0.05, **p < 0.01, ***p < 0.001. Scale bars represent 5 mm. Error bars indicate SEM.
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Restored Current in unc-116 Mutants
We speculated that the diminished glutamate-gated current in
unc-116 mutants, despite increased GLR-1 surface expression,
was secondary to defects in the GLR-1 signaling complex.
Perhaps the delivery of a key postsynaptic component was
limited in the absence of motor function. To test this possibility,
we measured glutamate-gated currents in transgenic wild-type
worms and unc-116 mutants that expressed GLR-1::GFP either
with or without a secondmultitransgene array that encoded all of
the additional known components of the GLR-1 signaling com-
plex (GLR-2, SOL-1, SOL-2, and STG-2) (Brockie et al., 2001;
Mellem et al., 2002; Walker et al., 2006; Wang et al., 2008,
2012; Zheng et al., 2004, 2006). Remarkably, overexpressing
the signaling complex was sufficient to restore glutamate-gated
currents in transgenic unc-116 mutants (Figure 7D and 7E).
Furthermore, currents in unc-116 mutants were several-fold
larger than those observed in transgenic wild-type worms. Pre-
sumably, this increase in unc-116 mutants was secondary to a
change in the composition of the GLR-1 signaling complex in
addition to the observed increase in surface expression of
GLR-1 (Figure 7). In contrast, the number of surface GLR-1
signaling complexes is well-regulated in wild-type worms, and1432 Neuron 80, 1421–1437, December 18, 2013 ª2013 Elsevier Inctherefore currents did not appreciably change with overexpres-
sion of the signaling complex (Figures 7D and 7E). These results
indicate that in the absence of overexpression, the levels of one
or more components of the GLR-1 signaling complex are dimin-
ished in unc-116 mutants, thus limiting the number of functional
receptors.
To determine the missing component(s) of GLR-1 signaling
complexes in unc-116 mutants, we used confocal microscopy
to evaluate the distribution of the components in the proximal
processes of AVA. Similar to GLR-1, we found increased synap-
tic accumulations of STG-2, SOL-1, and SOL-2 in unc-116
mutants compared to wild-type (Figures 8A and 8B). In contrast,
we found the opposite pattern with GLR-2 and observed a
considerable decrease in GLR-2 levels in unc-116 mutants
compared to wild-type (Figures 8A and 8B).
These results suggest that the decrease in glutamate-gated
current in unc-116 mutants was secondary to decreased GLR-
2 at synapses. Thus, although GLR-1 receptors accumulate at
synapses in unc-116mutants, synaptic transmission is impaired
because the signaling complex lacks the GLR-2 subunit. In
support of this conclusion, in a previous study we found that
currents in glr-2 mutants are decreased in amplitude (Mellem
et al., 2002)..
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unc-116 mutants is that in the absence of UNC-116/KIF5-medi-
ated transport, GLR-2-containing receptors are diverted to the
lysosome for degradation. Consistent with this possibility, we
found that the levels of GLR-2 were greatly reduced in the AVA
cell bodies in unc-116mutants (Figures 8C and 8D). To evaluate
the contribution of possible lysosomal degradation, we exam-
ined GLR-2 levels in transgenic worms that expressed a DN
variant of the AAA-type adenosine triphosphatase, VPS-4, that
mediates sorting of cargo from endosomes to the multivesicular
body (Babst et al., 2002; Chun et al., 2008). In vps-4(DN); unc-
116 double mutants, we found that the GFP::GLR-2 signal was
significantly increased compared to that in unc-116 single mu-
tants (Figures 8C and 8D). This result is consistent with increased
lysosomal-mediated degradation of GLR-2 in unc-116 mutants.
Heat-Shock Expression of UNC-116/KIF5 in Adult
Mutants Rescued Synaptic Defects
We next asked whether the GLR-1 transport and synaptic
defects in unc-116 mutants could be rescued in adult worms
by expressing UNC-116/KIF5 specifically at the adult stage.
Using a heat-shock promoter to induce expression of a wild-
type unc-116 transgene in adult unc-116 mutants, we found
that both the number of GLR-1::GFP transport events and syn-
aptic puncta intensity were restored to near wild-type levels
(Figures 9A–9C). Consistent with the normalization of synaptic
puncta intensity following heat shock, we also found that gluta-
mate-gated currents were significantly increased (Figures 9D
and 9E). These data demonstrate that transport and redistribu-
tion of GLR-1 in the adult nervous system is ongoing and depen-
dent on UNC-116/KIF5.
DISCUSSION
UNC-116/KIF5 Mediates the Delivery, Removal, and
Redistribution of Synaptic AMPARs
We have demonstrated that kinesin-1 (UNC-116/KIF5) mediates
the delivery, removal, and redistribution of GLR-1 AMPARs in
C. elegans neurons, and that this motor-driven transport is of
critical importance for synaptic function in the adult nervous sys-
tem. Our in vivo studies have also shed light on the relative roles
of diffusion, local synthesis, and motor-dependent transport in
the establishment and maintenance of glutamatergic synapses.
Defective motor-driven transport of AMPARs leads to an accu-
mulation of dysfunctional AMPARs at synapses that lack the
GLR-2 subunit; however, even after chronic loss of motor func-
tion, the synaptic defects could be corrected by transient
expression of functional kinesin-1 motors.
Streaming movies of GLR-1::GFP revealed bidirectional mo-
tor-driven transport of AMPARs along the AVA processes that
was dependent on UNC-116/KIF5. Although diffusion of GLR-1
in unc-116 mutants is sufficient to populate proximal synaptic
sites over a developmental time course of 4 days, receptors do
not reach distal synapses, i.e., those greater than 600 mm
from the cell body. In contrast, motor-driven transport allows
for the rapid delivery of receptors along the entire length of the
processes. Thus, after photobleaching synaptic GLR-1::GFP,
motor-dependent delivery of new receptors occurred withinNeminutes and was the dominant process in the recovery of the
fluorescent signal. Because neither diffusion nor local translation
appeared to significantly contribute to fluorescence recovery in
this time period, we conclude that delivery of new receptors is
primarily dependent on kinesin-mediated transport. Although
AMPARs labeled with quantum dots in cultured neurons have
been observed moving between neighboring synapses by
diffusing in the cell membrane (Ehlers et al., 2007), we now
show that AMPARs are actively redistributed to distant synap-
ses. This indicates that receptors are not simply destined for a
single synapse, but rather can be utilized at multiple synapses.
GLR-1-mediated currents were reduced in unc-116 mutants
even though levels of the GLR-1 subunit and auxiliary proteins
were increased. In unc-116 mutants, we found an increased
number of GLR-1 receptors at the surface, suggesting defective
endocytosis and removal of GLR-1. Thus, kinesin-1might deliver
endosomal machinery to synapses that is required for the
removal of GLR-1 receptors. In addition, we found that GLR-2-
containing AMPARs appear to be more dependent on kinesin-
mediated transport. Because the majority of the glutamate-
gated current in wild-type worms is mediated by GLR-1/GLR-2
heteromers (Mellem et al., 2002), the current is reduced in unc-
116 mutants even though surface expression of GLR-1 is
increased. Alternatively, if GLR-2 is required for the endocytosis
of GLR-1/GLR-2 heteromers, then the increased synaptic GLR-1
in unc-116 mutants might be secondary to the relative lack of
synaptic GLR-2. However, the surface to internal ratio of
SEP::mCherry::GLR-1 in glr-2 mutants was not appreciably
different from wild-type (data not shown).
Of particular interest was our observation that glutamate-gated
currents in unc-116mutants that overexpressed all components
of the signaling complex were far larger than those measured in
either unc-116 mutants or wild-type worms. In contrast, current
magnitudes inwild-typeworms eitherwith orwithout overexpres-
sion of all components of the signaling complex were identical.
These findings indicate that the balance between kinesin-depen-
dent delivery and removal of AMPARs is critical for regulating syn-
aptic strength, and that regulation of these transport processes
could provide an additional mechanism for the homeostatic
scaling of synaptic signaling (Davis, 2006; Goold and Nicoll,
2010; Tatavarty et al., 2013; Turrigiano, 2008). A recent paper
fromtheNicoll andRochegroupsaddresseddistance-dependent
scaling and demonstrated increased surface levels of AMPARs in
distal synapses compared to proximal synapses (Shipman et al.,
2013). Although we have not directly addressed this question, we
found that the SEP::mCherry::GLR-1 ratio varied along the length
of the AVA processes. Thus, the percentage of GLR-1 at the sur-
face increased proximally to distally (data not shown).
UNC-116/KIF5 Transport: Implications for Synaptic
Plasticity
How the strength of synaptic communication between neurons
is modified by experience-dependent neural activity is still an
open question. The synaptic tag and capture hypothesis posits
that synaptic activity leads to molecular changes that ‘‘tag’’ a
synapse to enhance the probability of capturing plasticity-
related proteins (PRPs) required for changes in synaptic
strength. Thus, early long-term potentiation (LTP) of a synapseuron 80, 1421–1437, December 18, 2013 ª2013 Elsevier Inc. 1433
Figure 9. Transient Expression of UNC-116/KIF5 in Adult unc-116 Mutants Rescues GLR-1 Transport and Synaptic Transmission
(A) GLR-1::GFP confocal images (top) and kymographs (bottom) in WT and unc-116(wy270) mutants in various treatment conditions.
(B andC) Quantification of GLR-1::GFP transport events per minute (B) and synaptic puncta fluorescence intensity (C) in wormswith (gray) or without (white) heat-
shock treatment normalized to WT. n = 15 worms. Scale bar represents 5 mm.
(D) Representative traces of glutamate-gated currents in AVA in transgenic unc-116(wy270); Phsp::unc-116 worms either with (right) or without (left) heat-shock
treatment. Bars indicate 3 mM glutamate application. Cells were held at 60 mV.
(E) Quantification of glutamate-gated currents in worms with (gray) or without (white) heat-shock treatment. For all genotypes, nR 5 worms.
*p < 0.05, **p < 0.01. Error bars indicate SEM.
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UNC-116/KIF5 Mediates Transport of Synaptic AMPARsleads to local molecular changes (synaptic tagging) and the local
synthesis of diffusible PRPs that are then captured by the tagged
synapse (Redondo and Morris, 2011).
Our experiments suggest amodel of synaptic capture in which
activity-dependent synaptic tagging increases the probability of
motor-dependent delivery of AMPARs. We found that receptor
movement is highly dynamic in the AVA neurons, which have a
large pool of motor-transported receptors. This ensures that
any given synapse is only a few seconds removed from a motor
carrying AMPARs, allowing for rapid, activity-dependent
changes in synaptic AMPARs that are independent of new
protein synthesis. We suggest that synaptic tagging and mo-
tor-dependent delivery can also contribute to longer-timescale,
protein-synthesis-dependent plasticity. Protein synthesis asso-
ciated with late LTP might fortify the synaptic tag, thus maintain-
ing the probability of motor-dependent receptor delivery. In
this process, the tagged synapse can become self-sustaining
as long as motor transport is unimpaired.
Our studies raise several important questions. First, what are
the local signals for kinesin-mediated delivery and removal of
synaptic AMPARs? We can imagine that these processes are
regulated by synaptic activity and, thus, could serve as a mech-
anism for local strengthening or weakening of synapses, i.e., LTP
or long-term depression. Although the nature of the synaptic tag
has not yet been identified (Redondo and Morris, 2011), we
expect that genetic analysis in C. elegans will distinguish among
possible mechanisms for synaptic tagging, including local modi-
fication of microtubules, recruitment of actin for hand off to
myosin-class motors, local increases in intracellular Ca2+, and
local depletion of ATP causing stalling of motors at synapses
(Guillaud et al., 2008; Kapitein et al., 2013; Maas et al., 2009;
Newby and Bressloff, 2009, 2010). Second, what distinguishes
GLR-1 homomers from GLR-1/GLR-2 heteromers with respect
to motor-mediated transport? In the absence of kinesin-1, het-
eromers are selectively degraded, suggesting the involvement
of a possible GLR-2-specific cargo adaptor protein. Third, how
are the other components of the GLR-1 signaling complex deliv-
ered and removed from synapses? Fourth, what are the relevant
cargo adaptors? An early report implicated the GRIP1 scaf-
folding protein in kinesin-dependent trafficking (Setou et al.,
2002), but conditional knockout of glutamate receptor interact-
ing proteins did not appear to disrupt the steady state trafficking
or endocytosis of AMPARs (Mao et al., 2010). Finally, although
our results clearly demonstrate that UNC-116/KIF5 is required
for the long-range transport of GLR-1, we would expect that
additional motors such as dynein, other kinesins, or unconven-
tional myosins might contribute to this process, as well as to
other aspects of delivery such as switching of transport direction
and short-range transport at the synapse.
Altered transport is found in a variety of neurological disorders
and presumably contributes to the disrupted synaptic function
that is evident at all stages of diseases such as Alzheimer’s
(Hirokawa et al., 2010; Ittner and Go¨tz, 2011; Stokin and Gold-
stein, 2006). Our results demonstrate a critical role of kinesin in
the establishment and maintenance of glutamatergic synapses
and suggest that defective synaptic signaling secondary to
altered transport might be restored by repairing the underlying
transport defect.NeEXPERIMENTAL PROCEDURES
Strains and Genetics
All C. elegans strains were raised under standard conditions on the E. coli
strain OP50 at 20C unless otherwise noted. Wild-type worms were the Bristol
N2 strain. Transgenic worms were generated by gonadal microinjection of
lin-15(n765ts) mutants, wild-type, or appropriate mutant worms. Transgenic
animals were selected by rescue of the lin-15(n765ts) mutant phenotype or
expression of a fluorescent coinjection marker. Plasmids, transgenic arrays,
and strains are described in the Supplemental Experimental Procedures. All
fluorescently labeled proteins were found to be functional in transgenic rescue
experiments of the mutant phenotype.
Spinning Disk Confocal Imaging
One-day-old adult worms were mounted on 10% agarose pads with 1 ml of
30 mM muscimol, unless otherwise indicated. Images were acquired using a
spinning disk confocal. Transport images were acquired by taking a streaming
movie in a single Z-plane with 100 ms exposure time unless otherwise stated.
GLR-1 was tagged with GFP, SEP, mCherry, or SEP::mCherry either at the
N terminus (SEP::GLR-1 and SEP::mCherry::GLR-1) or near the C terminus
(GLR-1::GFP and GLR-1::mCherry) as described previously (Rongo et al.,
1998). The trajectory of moving GLR-1::GFP particles was quantified on kymo-
graphs inMetaMorph7.7.7 (MolecularDevices) orMATLAB2012a (MathWorks)
and analyzed with a customwritten MATLAB script to yield velocity, run length,
flux, pause time, and stopping/insertion location. Fluorescence intensities of
synaptic puncta were measured using a linescan measurement in MetaMorph
and analyzed with a custom written MATLAB script (based on http://
terpconnect.umd.edu/toh/spectrum/PeakFindingandMeasurement.htm).
All other image analysis was performed in MetaMorph or ImageJ. A more
detailed description of these procedures can be found in the Supplemental
Experimental Procedures.
Photobleaching, Photoconversion, and Photoactivation
Photobleachingwas achieved using an argon laser (Coherent) set to 1.6W total
power output and/or a 561 nm laser (CNI Lasers) set to 600 mW total power
output. GLR-1::Dendra2 and GLR-1::PAGFPwere photoconverted and photo-
activated, respectively, using a 405 nm laser (Coherent) set at 35 mW total
power output. Lasers and laser merge module were provided by Spectral
Applied Research. Regions of interest for photobleaching, photoconversion,
and photoactivation were selected using a Mosaic II digital mirror device
(Andor) controlled through MetaMorph. After photobleaching the distal region
of the processes (Figure 5), the worms were transferred from the agarose pad
on a microscope slide to a standard agar dish for 4 hr where they could move
freely and feed. The worms were then transferred back to agarose pads for
imaging. For photoconversion and redistribution experiments, worms were
mounted on 10% agarose pads with 1.5 ml polystyrene beads (Kim et al.,
2013). A detailed description of the quantification and procedures for fluores-
cence recovery after photobleaching, photoconversion, and redistribution
experiments can be found in the Supplemental Experimental Procedures.
Na-Azide and Nocodazole Treatments
For Na-azide treatment, worms were incubated in 40 mM Na-azide in M9
buffer on agar pads for 20 min at room temperature before imaging GLR-1
transport. For nocodazole treatment, 30 mM nocodazole in DMSO, or
DMSO alone as control, was injected into the pseudocoelome of worms 1 hr
prior to imaging.
Heat Shock Treatment
Induction of Phsp::unc-116::mCherry expression was achieved by two heat-
shock treatments of 1 hr each at 33C separated by 12 hr at room temperature.
Worms were imaged 4 hr following the second heat shock. For electrophysi-
ology experiments, currents were recorded in worms with high expression of
UNC-116::mCherry in AVA 12 hr after heat shock.
Electrophysiology
Electrophysiological recordings were performed blind to genotype and treat-
ment using previously described voltage-clamp techniques (Mellem et al.,uron 80, 1421–1437, December 18, 2013 ª2013 Elsevier Inc. 1435
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UNC-116/KIF5 Mediates Transport of Synaptic AMPARs2002). With the exception of Figure S9, all worms expressed either GLR-
1::GFP or GLR-1(4KR)::GFP in AVA.
Behavioral Analysis
Nose touch response assays were performed as described in Mellem et al.
(2002). All assays were performed blind to genotype.
Statistical Analysis
The results were analyzed using an unpaired Student’s t test.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
nine figures, and one table and can be found with this article online at http://
dx.doi.org/10.1016/j.neuron.2013.10.050.
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